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PREVIOUS studies have shown thatin rats sensitised with dihydrotachys- 
terol (DHT) it is possible to produce cutaneous calcinosis at will in 
predetermined skin regions if a selected area is lightly traumatised by 
epilation during a “ critical period ” of the treatment (Selye ef al., 1960). 


Recently we found that after DHT sensitisation subcutaneous injections of 
FeCl,, egg white, or egg yolk are equally effective in eliciting cutaneous calcinosis, 
although none of these elicitor agents alone produces any significant local damage, 
e.g., inflammation, hemorrhage or necrosis. They may act as “ vital mordants ’’, 
in that they prepare the tissues of suitably sensitised animals for subsequent 
impregnation with calcium (Selye, Hofstetter and Jean, 1961). 

Using a modification of this technique we found it possible to induce calcifica- 
tion—with subsequent sclerosis—rather selectively even in such diverse sites 
ag the liver, pancreas, spleen or uterus. This was achieved by the intravenous 
or intraperitoneal administration of “ vital mordants”’, such as egg white, egg 
yolk or various metallic salts, that have selective tissue affinities (Selye, 1961 ; 
Selye, Grasso and Gentile, 1961a). 


The experiments to be described here were designed to explore the 
systemic mordanting properties of an iron compound ; but since FeCl, 
is too toxic for intravenous injection we used ferric oxide saccharate. 


MaTERIALS AND METHODS 


Eighty-four female rats of the Holtzman farm, with a mean initial body 
weight of 96 g. (range 92-104 g.), were divided into 8 groups and treated as 
indicated in the table. 

Dihydrotachysterol or ‘‘ DHT” (Calcamin ®, Wander), 1 mg. in 0:5 ml. of 
corn oil, was given by stomach tube once on the fifth day. Since the “ critical 
period ” for this type of experiment was not known, 1 ml. of a ferric oxide 
saccharate preparation (Fe-OS), containing 20 mg. of iron per ml. (Proferrin ®, 
Merck, Sharpe and Dohme) was very slowly injected into the jugular vein, under 
light ether anzsthesia, to group II on the lst day and to groups III-VII on the 
Ist, 4th, 5th, 6th, and 15th day respectively. 

The rats were maintained on Purina Laboratory Chow and tap water. On 
the 16th day the experiment was terminated and all surviving animals were 
killed with chloroform. 

At necropsy, the hearts, kidneys and livers were first inspected with a binocular 
loupe. Tissues were fixed in alcohol-formol (2 volumes 4 per cent. formaldehyde, 
8 volumes absolute alcohol), embedded in paraffin, and cut at 6-7 py. Sections 
were stained with hematoxylin-phloxine for general structure, or Perls’ stain, 

J. PATH. BACT.—VOL. 83 (1962) 495 


496 SEBASTIANO GRASSO AND HANS SELYE 


with carmalum or neutral red counterstain for iron, or by v. Késsa’s silver 
nitrate technique for calcium. The most obvious changes noted under these 
conditions were “‘ tigroid ” calcified streaks in the ventricles, and calcification of 
the auricular appendages and renal cortex. The mean grades of these lesions 
(with the standard errors) listed in the table are based on the examination, by 
binocular loupe, of the entire freshly dissected heart and kidney. The severity 
of the changes was graded in terms of an arbitrary scale of 0 to 3 (0 = no lesions, 
1 = barely detectable, 2 = moderate and 3 = most severe lesions) as previously 
described (Selye, 1961). 


RESULTS 
DHT alone 


Treatment with DHT alone (group I) produced definite but mild 
cardiac lesions, consisting of calcification (Monckeberg-sclerosis type) 
in the coronary arteries and occasional calcium deposition within the 

TABLE 
Production of cardiovascular and renal lesions by DHT and Fe-OS 


ae? 
Cardiac lesions ¢ 
Group Treatment a, 
Ventricle Auricle Intima 
I DHT . . . . . | 1640-331 0 0 1:740-30 
Tl Fe-OS 1° a * ee 0 0 0 0 
TEL DHT+Fe-OS 1°d : 1:-740:25 | 2-3+0-32 0 0:740-15 
IV DHT+Fe-OS 4° d . | 2540-26 | 3-0+0 0 1-:140-15 
V DHT+Fe-OS 5° d . | 2940-08 | 3-0+0 0 1:94 0-26 
VI DHT-+Fe-OS 6° d . | 2-00-33 | 0-9-+40-27 0 2-540-28 
VII DHT+Fe-OS8 15°d . | 2:0+40-27 0 1:83+0°32 | 1:2+40-23 


*1°d, 4° d, etc., indicate that injection of Fe-OS was made on the first, fourth, etc. day of the experiment. 

+ The values are on an arbitrary scale: maximum 3. 

t+ Mean + standard deviation. 
cardiac muscle fibres. Even in the most seriously affected vessels 
the calcium deposits formed only thin plaques, which evoked no 
proliferative reactions in the surrounding tissue except for an occasional 
slight thickening in the adjacent intima. In the kidney, calcification 
affected the proximal convoluted tubules of the cortex. 


Fe-OS alone 


Fe-O§, like other colloidal suspensions, is taken up by the reticulo- 
endothelial system. With the doses used in these experiments (group 
IT) the Kupffer cells are filled with masses of iron granules. An excess 
of iron was also found in the spleen, principally around the Malpighian 
bodies. In the kidney, a few cells containing iron granules were present 
in the glomeruli. 


DHT with Fe-OS8 1st-6th day 


Under these experimental conditions, the macroscopic aspect of 
the hearts in groups III-VI was characteristic, the whiteness of the 
auricles being the salient feature (fig. 1). In some instances additional 
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Fria. 1.—Intense calcification of the left Fie. 2.—Pronounced calcifica- 
auricular appendage induced by DHT tion especially in the con- 
and Fe-OS. nective-tissue fibres of the left 


auricle after administration of 
DHT-+Fe-O8. v. Késsa. x 24. 


Fie. 3.—Intense cortical nephro- Fie. 4.—As in fig. 3. Calcium deposition 
calcinosis in rat treated with sharply limited to stroma, of cortex and. 
DHT and Fe-O8. v. Kossa. some glomerular loops; medullary rays 


x 5. unaffected. v. Késsa. x 80. 
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Fre. 5.—Myocardial infarct with resorption of necrotic muscle cells and beginning 
cellular fibrous replacement in rat given Fe-OS ten days after the DHT. Un- 
interrupted zone of well preserved muscle cells next to the endocardial surface. 
Hematoxylin-phloxine. x 90. 


Fre. 6.— x 80. Fie. 7.— x 315. 


Fics. 6 and 7..-Ménckeberg’s medial calcific sclerosis and subintimal collection of iron 
pigment induced by Fe-OS ten days after the DHT. Lumina greatly narrowed, 
in fig. 7 almost occluded. Prussian blue. 
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Fie. 8.—Cardiac infarct and narrowed coronary artery in a rat treated like that of 
figs. 5 and 6. A medium-sized coronary artery with subintimal collection of iron- 
laden macrophages. Infarct well circumscribed, muscle replaced by histiocytes. 
Hematoxylin-phloxine. x 120. 


Fie. 9.— x 8. Fic. 10.— x 80. 


Fics. 9 and 10.—Selective calcification of the renal cortex induced by mercuric chloride. 
Here calcification is almost limited to the cortex, but only the tubules are affected, 
not, as in the DHT + Fe-OS lesion, the cortical stroma and some glomerular loops. 
v. Késsa. 


CALCIPHYLAXIS IN CORONARY LESIONS 497 


tigroid streaks of white calcified muscle bundles were readily visible, 
especially beneath the epicardium. In advanced cases, calcified coronary 
arteries could be distinguished as white lines with the loupe or even 
with the naked eye. Histologically, the lesions consist of calcium 
deposition in the stroma, muscle fibres and coronary arteries as well 
as massive calcification of the auricles, but without invasion by 
inflammatory tissue. These calcifications tend to occur in patches 
rather than diffusely, but the affected areas are almost always under- 
neath the epicardium. The auricles usually show heavy calcification 
throughout the thickness of the auricular wall (fig. 2). The subendo- 
cardial collagenous fibres give a positive Perls’ reaction. Except when 
massive, calcification is limited to the subendocardial layer. 

Calcium deposition is also present in the kidney, the lungs, the 
extrahepatic bile-ducts, and the middle layer of the gastric mucosa. 
In the kidney, calcification is strictly limited to the stroma of the 
cortex and to some glomerular loops. The medullary rays are never 
affected (figs. 3 and 4). Pulmonary calcification is strictly limited to 
the stroma and consists of extremely fine AgNO,-positive granules 
impregnating the septal collagen fibres. Occasionally calcification is 
also present in the stroma around the extrahepatic bile-ducts. 

Except for the auricular and subepicardial calcification, this 
syndrome differs most strikingly from that usually produced by 
intoxication with DHT alone in the much greater relative prominence 
of the stroma calcification. 


DHT with Fe-OS 15th day 


The picture was entirely different in the rats of group VII, which 
received the Fe-OS on the 15th day of the experiment, i.e. ten days 
after DHT treatment. Here, auricular calcification was absent, but 
the myocardial necroses were much more extensive and rather ir- 
regularly distributed throughout the myocardium. 

Even over extensive regions of necrosis, the muscle layer just 
underneath the endocardium usually remained intact (fig. 5). This is 
particularly significant, since myocardial necroses produced in the 
rat by various hormones, electrolytes or dietary measures—although 
infarct-like in other respects—differ from true infarcts induced by 
coronary ligation, in that only the latter tend to respect the sub- 
endocardial muscle layer selectively (Selye, 1961). 

In these animals (group VII) there was also calcification in all the 
branches of the coronary arterial system. The calcium deposits formed 
plaques surrounded by proliferating fibrous tissue. In these foci there 
was an increase in the number of endothelial and subintimal cells, 
many of which contained fine prussian blue-positive granules; some 
were transformed into iron-laden large macrophages. As the lesions 
developed these macrophages increased in number and became 
aggregated in clusters within the subendothelial connective tissue 
(figs. 6 and 7). Such changes were rather reminiscent of those seen 
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in man when Monckeberg’s medial calcifying sclerosis and atherosclerosis 
occur together in the same vessel, except that iron is phagocytosed 
instead of lipid. In many arteries, there developed an intense sub- 
intimal oedema, which led to a considerable reduction of the vascular 
lumen. As a result of these changes the lumina of many coronary 
arteries were narrowed and sometimes the vessels were completely 
occluded with consequent infarction of the affected myocardium 


(fig. 8). 
Discussion 


In earlier experiments performed on rats previously sensitised 
with a single oral dose of DHT, massive and rather selective calcification 
of the pancreas was induced by the subsequent intraperitoneal admini- 
stration of egg white. Intravenous injection of egg yolk elicited a 
calcinosis primarily affecting the reticulo-endothelial cells of the liver 
and spleen (Selye, Grasso and Gentile, 1961a). In our experiment, 
when Fe-OS was given before, concurrently with, or immediately after 
the DHT, typical auricular, renal and bile-duct lesions were observed. 
Apparently, calcification of the renal cortical stroma caused by Fe-OS 
and DHT administration is fairly specific. Most agents that cause 
nephrocalcinosis, e.g., mercuric chloride or DHT, given alone induce 
calcification predominantly in the tubule cells rather than the interstitial 
connective tissue of the kidney (figs. 9 and 10). Numerous control 
experiments, not described in detail here, have shown that, under our 
experimental conditions, Fe-OS does not cause lesions of this type 
when it is injected intramuscularly or intraperitoneally, though 
intraperitoneal injection of Fe-OS did lead regularly to heavy calcifica- 
tion of the omentum and diaphragm. 

Puccini (1945—46) observed massive calcification of the left atrium 
in two patients suffering from mitral stenosis. Histochemical examina- 
tion suggested that the changes were dystrophic, but there was no 
iron deposition. Later investigations carried out on twelve other 
patients with mitral stenosis showed regularly some degree of calcifica- 
tion in the muscle fibres of the left atrium. 

Necrotic tissues exhibit a tendency to calcify, especially when the 
blood calcium is high ; but egg white, egg yolk or Fe-OS alone causes 
no necrosis. Furthermore, when these substances are injected sub- 
cutaneously after DHT-sensitisation, the attraction of calcium goes 
far beyond the mere saturation of the challenged area ; it spreads and 
causes considerable thickening of the skin accompanied by cedema and 
secondary necrosis. The development of this type of calcification 
depends upon systemic factors: it can be inhibited by exposure to 
systemic stress (e.g., forced immobilisation) or by hypophysectomy, 
whereas it is aggravated by anti-inflammatory corticoids (Selye and 
Jean, 1961). 

In animals sensitised by pretreatment with agents that promote 
calcification, there develops a state of altered tissue reactivity for 
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which the term “ calciphylaxis”’ has been proposed (Selye, 1961). 
This condition is manifest only during a brief “ critical period” after 
the systemic administration of the calcifying agent. It is characterised 
by sudden attraction of calcium to regions challenged by “ vital 
mordants ”’ for calcium. 

Nothing is known about the physicochemical basis of the Fe-OS 
effect, but prussian-blue-positive material appears in the auricles 
prior to calcification and tends to disappear as calcification develops. 
Tron precipitates have also been demonstrated in the heart during the 
experimentally induced development of calcium deposition and bone 
formation (Selye, Grasso and Gentile, 19610). 

The importance of the critical period is quite evident in our experi- 
ment. When Fe-OS was given ten days after DHT, there was no 
calcification in the auricles and the coronary lesions appeared entirely 
different from the usual Ménckeberg-sclerosis type. In many arteries 
there was an eccentric fibrous thickening of the intima with a sub- 
intimal collection of iron-laden macrophages. Neither the iron prepara- 
tion nor the DHT alone produced such coronary lesions. They 
appeared only when Fe-OS was given ten days after the induction of 
vascular injury by DHT, that is at a time when Fe-OS could no longer 
exert a ‘‘ mordanting ”’ action. 

We do not know how DHT induces a focal accumulation of iron in 
the vascular wall. But in dogs certain macromolecular substances 
such as polyvinyl alcohol or pectin produce arterial lesions closely 
resembling the atheromatous changes that occur spontaneously in 
man; apparently, these macromolecular compounds first coat the 
vascular walls and are then phagocytosed by the endothelial cells, 
thereby transforming them into “foam cells’ (Hueper, 1941, 1942). 

In our experiments, vascular injury caused by DHT might increase 
the permeability of the endothelium to iron, which stimulates 
connective-tissue and macrophage proliferation. As the lesions 
develop the macrophages would become more numerous and form 
clusters in the subendothelial connective tissue, with consequent 
reduction of the lumen. That calcification of the media may play a 
major role in the pathogenesis of similar intimal lesions has often been 
suggested. Even mechanical trauma to blood vessels can attract either 
calcium or lipids, and so induce atheroma (Selye, 1957; Williams, 
1961). In any event, our experiments show that after a chemically 
induced injury to vessels, treatment of the rat with an iron preparation 
can produce occlusive coronary lesions with subsequent infarction. 


SUMMARY 
In rats previously sensitised by a single oral dose of dihydrotachys- 
terol (DHT), subsequent intravenous injection of ferric oxide saccharate 
(Fe-OS) induced massive and rather selective calcification in the 
auricles, the stroma of the renal cortex and the tissue surrounding the 
extrahepatic bile-ducts. 
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It is assumed that during the “ critical period ” of calciphylaxis, 
while the Fe-OS acted as a “ vital mordant ” for calcium, it prepared 
the tissues for calcification more or less as histological mordants prepare 
them for the uptake of dyes. However, if Fe-OS was given after the 
“ eritical period’, at a time when the iron preparation could no 
longer act as a mordant, no auricular calcification occurred but occlusive 
(atheroma-like) lesions developed in the coronary arteries. 


This work was supported by the Medical Research Council of Canada (Consol. 
Grant no. 11) and by the National Institutes of Health, U.S. Public Health 
Service (Grants no. A-1641/C3, B-2037/C2 and H-3688/C3). 


REFERENCES 
Hueper, W.C.. . . . ).) .) 1941. Arch. Path., 31, 11. 
ss 35 eps seo ae de ee 942, Ibid., 34, 883. 
Pucomny,C.. . . . . .) .) (1945-46. Arch. De Vecchi Anat. pat., 8, 861. 
Seve, H. - 1957. Z. Urol., 50, 440. 
6g. 99 ot a SE ee et kee LEDGE. Stress and metabolic heart disease: 


the pluricausal cardiopathies, 
Springfield, Ill. 
Serve, H., Grasso, 8., ano 196la. Proc. Soc. Exp. Biol. Med., 107, 


GENTILE, G. 600. 
5 % ‘5 3 1961b. Eksp. Khir., no. 6, 22. 
Setye, H., anp Jean, P.. . . 1961. Endocrinology, 69, 986. 
SELYE, H., Jean, P., anp Vem- 1960. Proc. Soc. Exp. Biol. Med., 104, 
LEUX, R. 409. 
SEtyze, H., Horsrerrer, Sister 1961. J. Invest. Dermat., 37, 7. 


A. M., O. P., anp JEAN, P. 
Woitrams,A.W. . . . . . 1961. This Journal, 81, 419. 


